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Abstract

The objective of this study is to analyse the challenges and opportunities that Precision
Farming (PF) offers for agriculture in Chile, highlighting the possibilities it offers for
solving agricultural problems as well as the challenges that hinder its application by small-
and medium-sized farmers. A qualitative content analysis was conducted on technical
government publications and academic publications focused on precision agriculture,
which highlighted the elements that hinder the implementation of PF in smaller agricultural
systems, i.e., small farmers. The results show that among the main problems that PF can
help solve are spring frosts, low product calibre, fruit rot, low sugar content in fruit, and
water stress, among others. The solutions that PA could offer, as outlined in the review, are
varied and include frost forecasting, crop monitoring, application of inputs, and selection
of more drought-tolerant crops, to name a few. On the other hand, another relevant finding
is the fact that small farmers face structural difficulties in accessing PF technologies, due to
their high cost (technology transfer) but also to the lack of support from state institutions.

Keywords: adoption of technologies; digital agriculture; precision agriculture; precision
farming; smallholder farmers; smart technologies

JEL Classification: Q15; Q16; Q18; Q24; Q25

1. Introduction

Globally, despite the increase in agri-food production, a significant portion of the pop-
ulation cannot access a healthy diet, resulting in malnutrition problems. According to the
Food and Agriculture Organization of the United (FAO) [1], approximately 3,139,500 people
suffer from poor nutrition. At the same time, obesity is a current problem that affects nearly
650 million individuals globally [2]. This makes the agricultural sector more demanding
and complex, facing multiple challenges. One such challenge is becoming more efficient
and sustainable in the face of ever-increasing global food demand. In this scenario, it is
essential to establish a sustainable food system to ensure food quality and safety in society
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[3/4]. This is because agricultural production has a considerable impact on the environment
and health [5]. Therefore, increasing efficiency and sustainability in agriculture becomes a
priority [6,7].

With the digital revolution, daily life is undergoing significant transformations as it
benefits from current technologies [8]. However, to take advantage of this, it is necessary
to have the relevant knowledge and tools. In the agricultural sector, one of the current
technologies is Precision Farming (PF). This technological advance ranges from basic drones
to 5G robots equipped with connected sensors that can accurately anticipate a plant’s water
demand in real time. PF involves the use of technologies such as Global Positioning System
(GPS), aerial imagery, remote sensors, satellites, and Geographic Information Systems
(GIS) [9].

At this point, it is vital to distinguish between “technology’ and ‘intelligent technolo-
gies’. “Technology’ refers to any device or machine used to perform a task [10], while ‘smart
technologies’, on the other hand, have the ability to learn and adjust their performance
independently over time [11]. Although PF arrived in Chile in the 1990s, its large-scale
adoption was evident in the 2017 agricultural census. It projected growth of 13.19% for
Chile from 2019 to 2025. This brings the country closer to countries such as Mexico, Ar-
gentina, Brazil, and Peru, which have growth rates of 16.1%, 16.86%, 16.8%, and 13.78%,
respectively [12].

However, despite the continuous progress of PF worldwide, the literature in Latin
America presents significant gaps regarding its implementation among smallholder farmers.
Several recent reviews agree that regional research has focused mainly on large producers,
technological assessments of PF, or general sectoral diagnoses [13,14]. Likewise, recent
studies indicate that the adoption of digital technologies by smallholder farmers in low- and
middle-income countries—such as Chile—is limited by structural inequalities, connectivity
gaps, and institutional constraints, factors that reduce their ability to benefit from digital
innovation and, in this case, PF [13-15]. Recent research has pointed out that the accessibil-
ity and affordability of digital technologies, together with limited rural connectivity and
technological exclusion, are central obstacles for smallholder farmers [16].

This work assumes that the diffusion of technological innovations depends on the
existence of channels through which innovations are communicated. In this regard,
Rogers [17] recognises the existence of five relevant elements in diffusion: communi-
cation channels, time, adopters, the social system, and the innovation itself. Diffusion, then,
is ‘the process by which an innovation is communicated through certain channels over
time among the members of a social system’. Diffusion is also often promoted by change
agents who are defined as individuals ‘who influences clients” innovation decisions in a
direction deemed desirable by a change agency’. This perspective has been used by various
authors to understand the incorporation of technological innovations in the agricultural
sector [18-21].

However, a significant theoretical gap remains. The literature describes the technolo-
gies, benefits, and success stories, but does not explain why smallholder farmers adopt
these tools so little, even when the evidence is clear [22,23]. There are likely structural
barriers and institutional constraints that deserve examination. Most studies analyse these
factors separately, leaving a fundamental question unanswered: how do these barriers
combine, and how do they actually affect PF adoption? [24,25]. Furthermore, the literature
does not examine the real feasibility of smart technologies in small farms, where minimum
conditions of connectivity, training, and financing are often not present [26,27]. For all
these reasons, there is still no clear conceptual model to explain PF adoption in small-scale
agriculture in Latin America. This study contributes to filling that gap.
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In Chile, small farmers perceive the adoption of precision technologies as a high-
cost, high-risk innovation, which limits their access to these tools already available on
the Chilean market [25]. Although there are documented experiences of PF for specific,
high-value sectors—such as dairy farming and some export-oriented fruit crops—scientific
evidence on its adoption in family farming remains limited and fragmentary [28,29].

The main objective of this article is to address the challenges and opportunities for
Chilean agriculture exploring the importance of PF as a possible solution for improving
efficiency, especially in the case of small farmers. This study presents an innovative
approach by combining international evidence on digital agriculture with a critical analysis
of the Chilean context, where gaps still exist regarding the structural conditions that
influence the adoption of these technologies and where state change agents [17] play
an important role in disseminating technological innovations among small farmers. By
focusing the analysis on smallholder farmers, this research provides fundamental evidence
for understanding the interaction of existing barriers and their direct impact on the viability
of family farming in Chile.

The article is a contribution to scientific production in this field, given that the literature
shows scant evidence of PF developed by small farmers in Latin America. The relevance of
this approach lies in the importance of small-scale agriculture in this context. According to
FAO data, 80% of all farms are family farms [30]. Meanwhile, globally, more than 90% of
farms are of this type [31].

Section 2 presents a bibliographical discussion on the subject, Section 3 presents the
development of the proposed methodology, Section 4 presents the results applied, Section 5
presents the discussion, and finally, Section 6 presents the conclusions of this work.

2. Bibliographic Discussion

To understand the situation of small farmers in PF from a more technical perspective
and explore it in greater depth, a literature search was conducted in the Web of Science
(WoS) and Scopus indexed databases. The search criteria and results are shown in Table 1.

Table 1. Search in WoS and Scopus indexed databases.

Database  Script Articles
Wos ! TS=((‘‘precision farming’’ OR ‘‘precision agriculture’’) AND 9
(‘‘small farmers’ OR ‘‘smallholder farmers’’))
Scopus TITLE-ABS-KEY((‘‘precision farming’’ OR ‘‘precision agriculture’’) AND 136

(“small farmers’’ OR ‘‘smallholder farmers’’))

1 WoS Core Collection https:/ /www.webofscience.com/wos/woscc/summary /2807ce09-8c0a-4da2-9c8c-5f3
5de8cbc60-018a852de0 /relevance/1, accessed on 19 November 2025.

Figure 1a presents a schematic representation of the combined results of the WoS
and Scopus databases, according to the search criteria described in Table 1, using a Venn
diagram. Subsequently, a filtering process is applied to identify the countries that are the
subject of study in the literature, by searching the title, abstract, and keywords. Eighty-
six observations per country document were found, distributed across 70 documents
(Figure 2a—c). These are represented in the Venn diagram in Figure 1c, which shows a
selection of the documents analysed and presented in Table 2. These include Latin American
countries such as Mexico, Peru, and Colombia, as well as other countries such as China,
Indonesia, Vietnam, Ukraine, and Malaysia. They are mainly focused on adopting PF
technologies using different techniques or methods such as Structural Equation Modelling
(SEM), SEM based on Unified Theory of Acceptance and Use of Technology (UTAUT),
Partial Least Squares-Structural Equation Modelling (PLS-SEM), fuzzy-set Qualitative
Comparative Analysis (fsQCA), Artificial Intelligence (Al), Exploratory Factor Analysis
(EFA) and Principal Component Analysis (PCA).


https://www.webofscience.com/wos/woscc/summary/2807ce09-8c0a-4da2-9c8c-5f35de8cbc60-018a852de0/relevance/1
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Q= 161 ) Q=70 )
(a) From Table 1 (b) Filter (c) Results with countries under study

Figure 1. Bibliometric process: (a) Venn chart, showing search results on title, abstract, and keywords
with the script (‘Knowledge Management’’ AND ‘‘Reverse Logistics’’) on WoS and Scopus indexed
databases (WoS = 90, Scopus = 136, WoS-Scopus = 25, WoS N Scopus = 65, Scopus-WoS = 71, and
WoS U Scopus = 161). (b) Filter: Countries of study in the title, abstract and keywords. (c) Results
after filtering (WoS = 46, Scopus = 57, WoS-Scopus = 13, WoS N Scopus = 33, Scopus-WoS = 24, and
WoS U Scopus = 70).
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Figure 2. Countries as the subject of study in Figure 1c: (a) Number of documents by countries.
(b) Number of documents by category according to number of countries. (c) Percentages by category
according to number of countries.

This study seeks to highlight the challenges and opportunities that PF poses for the
sector among small Chilean farmers, compiling the problems and corresponding solutions
identified in various publications.
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Table 2. Summary of documents with countries under study in WoS and/or Scopus.

Country Methods Scope Description
Despite Chinese food security policies, the adoption of PF technologies has been lower
Adoption of than in developed economies. This study analyses the factors influencing adoption by
China 12 SEM PF Chinese farmers in the northern plains. Using 456 surveys and SEM, the results showed
technologies that perceived need, benefits, enabling conditions and risks impact adoption intentions.
Enabling conditions were the best predictor [32].
The adoption of an agricultural application in Guanajuato was analysed through a survey
Adontion of of 394 small farmers in 2019. SEM based on UTAUT was applied, studying constructs with
.19 Pt age and participation in innovation centres. The results showed that the intention to adopt
Mexico - SEM & UTAUT an agricultural . . .
anplication depends on infrastructure and knowledge. Performance expectations are relevant, while
PP the approach applies only to young people with no connection to the centre. The study
provides insights into innovation centres in agricultural adoption [33].
PF to ensure sustainability in rice production, which is less widely adopted in developing
Adoption of countries. Research was conducted on the readiness of Indonesian farmers to adopt PF. Data
Indonesia >  PLS-SEM PF was collected from 521 farmers in five provinces using structured questionnaires, which were
technologies analysed using PLS-SEM. The results showed moderate readiness. Implementation was
influenced by environmental management, preparedness, economics and technology [34].
Adoption of They analysed factors influencing technology adoption by rice farmers in Vietnam using
. 1 P SEM and fsQCA with 568 participants. The study expands UTAUT by demonstrating the
Vietnam SEM & fsQCA PF . . HE . .
technolosies influence of business support. It indicates that government, business, and cooperative
& support encourages adoption [35].
Autonomous Peruvian viticulture faces climatic challenges and limited resources. PF technologies
Pery 12 Al, sensing & robot in improve vineyard management, but their cost limits their adoption. AgriRover, an
automation vinevards autonomous robotic platform, integrates environmental sensing and automation. The
y study analyses solutions and describes a modular approach to sustainable viticulture [36].
CML Autonomous AgriRover, a modular autonomous vehicle for vineyards in Ica, Peru. Viticulture faces
12 . challenges of salinity and labour shortages. The design considers the needs of small
Peru methodology & robot in . . .
BBCH scale vinevards farmers. BBCH scale and detection technologies were used. The platform is adaptable and
y maintainable, offering PF. Sustainability was assessed using CML methodology [37].
Weed Weed detection, fruit counting, and disease detection have been investigated. Data for

Colombia 12

Ukraine !

Peru 2

Malaysia !

Malaysia 2

Machine learning
algorithms

Comparative
analysis,
evolutionary

study, application

of digital
technologies

Random Forest

EFA & PCA

EFA

detection, fruit
counting and

detecting chives in Medellin, Colombia, is proposed. It includes 245 images of chives
(Allium fistulosum), foliage flowers (Solidago canadensis and Aster divaricatus), and

disease uncultivated areas. A total of 4,315 instances labelled with polygons were obtained for
detection machine learning algorithms [38].
. Ukraine’s position in agricultural digital competitiveness is examined. Ukrainian farms
Agricultural . . . . .
2 are implementing digital solutions such as management systems, data, forecasting and
digital compet- . ) . e .
o, robotic equipment. Agricultural digitisation comprises three stages for large farms and
itiveness . . L . . .
two for small farms: efficient processes, precision farming and innovation [39].
Mulching improves moisture retention and reduces greenhouse gas emissions. We
Improve integrate Al to optimise through predictive analytics. Models assess soil conditions using
sustainability remote sensing. Mobile applications provide recommendations to improve agricultural
sustainability [40].
Smallholder farmers in Malaysia are slow to adopt this technology. Proactivity and
risk-taking influence its adoption. A study was conducted to develop an instrument to
Adoption of measure these factors in Malaysia. An EFA was performed with 207 observations, using
PF PCA and Varimax rotation. The results showed two components per factor, with
technologies Cronbach’s alpha between 0.937 and 0.881. The factor loadings exceeded 0.6, explaining
71.746% and 79.170% of the variance. The tests were significant 0.000 with high sample
adequacy [41].
Adoption of EFA was used to measure innovation among farmers in Terengganu, Malaysia. EFA with
PF Varimax Rotation showed a significant Bartlett’s Test (0.000). The findings revealed two
technologies components and eight items with Cronbach’s alpha >0.7, validating the instrument [42].

1 WoS Core Collection. 2 Scopus.

3. Materials and Methods

The study was conducted through qualitative content analysis applied to institutional
technical documents and articles published in scientific journals. The details of the research
procedure are shown below.

Research Procedure

These publications focus on agriculture and the acquisition of precision farming
technologies, with the aim of identifying the main opportunities and challenges that this
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brings, particularly for small farmers, with a focus on the Chilean context. This purpose

has been summarised in four questions that this investigation seeks to answer:

1.

What are the main problems and solutions affecting fruit production and agriculture
in general?

Are there significant disparities in access to technologies by smallholder farmers
compared to their larger-scale counterparts?

What are the concrete benefits of using smart technologies in the context of sustainable
development?

What are the specific challenges faced by smallholder farmers in accessing and adopt-
ing smart technologies?

Source selection criteria: The selection of documents analysed was diverse, in accor-

dance with the objective of the research.

Thematic relevance: These are publications produced by government entities and
intergovernmental organisations that address smallholder production and the use of
precision technologies, highlighting problems or challenges in the sector, as well as
solutions offered by precision technologies.

Empirical studies and reviews addressing the socio-economic viability of PF, as well
as the identification of limiting factors (costs, knowledge, infrastructure) in small- and
medium-scale agriculture, both in Chile and in developing countries, were included in
the review. Meanwhile, documents focused solely on the technical validation of hard-
ware/software (e.g., sensor programming, imaging algorithms) without considering
social or economic implementation were excluded.

Type of institution: In the case of technical publications produced by Chilean gov-
ernment institutions, a search was conducted among the documents available on the
websites of specialised agencies, such as Instituto de Investigaciones Agropecuarias
(INIA) and Corporacién de Fomento de la Produccién (CORFO), among others, which
were important for analysing institutional requirements and local impact data. In
addition, publications from international organisations were consulted, whether or
not the organisations were strictly linked to the agricultural sector.

Geographical scope: Technical publications produced by governmental and intergov-
ernmental organisations should focus primarily on the experience of Chilean or Latin
American farmers. In the case of scientific publications in the Scopus database, this
criterion was not applied, with the aim of gathering a greater number of resources.
Time frame: In the case of governmental and intergovernmental publications, the
period covered corresponds to the years 2019 to 2025. In other words, publications ap-
pearing within that time frame were considered. Meanwhile, the scientific publications
considered are those published in the Scopus database between 2019 and 2025.
Accessibility and completeness: Both government and intergovernmental technical
publications, as well as scientific publications, should be available in their full format
for analysis.

Content analysis method: This is a qualitative inquiry, as it involves the analysis and

interpretation of reality through the use of instruments that reproduce and compile it, such

as reading notes [43]. The qualitative content analysis of documents was based on an

analytical circles strategy. This means that consecutive immersions in the documentary

sources were carried out to collect data until a point or moment of information saturation

was reached. Subsequently, these were analysed to produce working notes, which were

described and classified for interpretation. In this context, the analysis followed a process

based on coding [44] and in repeated cycles of reading [45].
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1.  General reading: After collection and storage, the documents were read in general
terms and then read again in detail, focusing on finding answers to the questions
raised above. The reading was accompanied by continuous note-taking.

2. Encoding: In a second stage, texts were segmented and coded. Notes were made
on ideas. The analysis process was mixed, in the sense that it incorporated the
determination of categories deductively, but the coding of text segments allowed
subcategories to be defined inductively [45]. These subcategories, in turn, were
associated with the previously determined categories.

3.  Categories: The deductively defined categories are associated with the topics con-
tained in the four questions that guided the research. Given that this is a spiral
analysis, the reading and coding exercise was carried out repeatedly, adjusting codes
and stabilising the subcategories (Show Table 3). This exercise made it possible to
achieve information saturation.

Table 3. Encoding.

Category

Subcategory Code

Problems and PF-based solutions

spring frosts

low calibre

colour fruit and plant
Problems spatial variability of soil

fruit rot

low sugar content

water stress

frost forecast

soil management

irrigation strategies

crop selection

crop growth monitoring

nutrients and water

pest and disease
PF-based solutions variety selection

soil monitoring

application of inputs

crop health monitoring

application of fungicides

soil moisture monitoring

efficient irrigation

selection drought-tolerant crops

Institutional conditions regulations

Current access to technologies for PF knowledge gap

" ..
Market conditions technology costs

frost detection

Specific benefits of using technologies for PF Benefits for agricultural management decision-making

water resource management

Future challenges for small farmers

implementation costs

Implementation -
training

Access to resources and sustainability water resources

4.  Interpretation: Finally, an interpretation of the resulting categories and subcategories
was carried out, with the aim of finding patterns that would allow us to answer the
questions posed as part of the study’s objective.

4. Results

4.1. What Are the Most Significant Problems and Solutions Affecting Fruit Production and
Agriculture as a Whole?

Chile stands out on the global stage as a supplier of a wide range of products. Despite
this variety, the nation’s agricultural exports focus on fruit and wine production [46].
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Therefore, it is crucial to understand the factors that impact fruit production and agriculture
in general. These factors include frost, fruit quality, soil amendments, diseases, colour, lack
of sugar, rot, and water availability, as presented in Table 4.

Table 4. PF solutions to agricultural problems.

Problems
=
'C—‘“ o
m .-
e &
s B -
= [~
E £ 2
m -
) 5]
0 o
RN R
= 5% C 3 B2
<] S s M @ [
= e = et o)
5 £ S 8 B % B
Solutions » a2 0O B E a2 =
Frost forecast v
Soil management v
Irrigation strategies v
Crop selection v v v Y
Monitoring crop growth and development v v v
Application of nutrients and water v v v
Pest and disease control v v
Variety selection v v
Soil monitoring v
Application of inputs v
Crop health monitoring v
Application of fungicides v
Soil moisture monitoring v
More efficient irrigation application v
Selection of more drought-tolerant crops v

Table 5 presents research associated with solutions using PF for general problems
posed in Table 4.

Table 5. Research associated with solutions to problems in agriculture.

Problems:
Solutions

Description of Research

Spring frosts:

Frost forecast

Soil management

Irrigation strategies

Crop selection

A frost classification model was developed using machine learning, optimised for orchards, using
meteorological data and cameras. Random forest and support vector machine models stood out for their
accuracy, successfully classifying most frost events [47].

Late frosts in Yanjin County, Henan, affected 87.71% of winter wheat and reduced yields by 24-33% in 2018.
The findings underscore the importance of soil management and agricultural management in mitigating
frost risks and losses [48].

An irrigation strategy in PF to mitigate the effects of frost includes the use of soil sensors and GPS-controlled
irrigation systems. This allows real-time adjustment of water application in specific areas, maintaining soil
temperature and reducing the impact of extreme cold [49].

The selection of cold-resistant crops, such as experimental varieties of satsuma orange (Citrus unshiu), mitigates
the impact of frost by withstanding temperatures below —7 °C, reducing damage to foliage and production [50].
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Table 5. Cont.

Problems:
Solutions

Description of Research

Low calibre:

Monitoring crop
growth and
development

Application of
nutrients and water

Pest and disease
control

Variety selection

The growth and development of crops in the PF is monitored using Internet of Things (IoT) and Unmanned
Aerial Vehicle (UAV) platforms, combining aerial imagery and ground sensors to generate accurate maps
that enable the prediction and mitigation of minor problems through informed adjustments to agricultural
management [51].

The application of nutrients and water in PF is optimised with technologies such as crop sensors and
vegetation index analysis. These tools allow the amount of inputs needed to be adjusted to improve fruit
size and mitigate low calibre problems [52].

Pest and disease control to mitigate low calibre is carried out using machine learning models that predict
shoot growth, reducing pesticide use and improving crop quality [53].

The selection of varieties resistant to specific conditions, such as poor soils or water stress, is key in PF to
mitigate low calibre. These varieties optimise yield even in adverse environments, ensuring more
sustainable production [54].

Colour of the fruit and plant:

Monitoring crop
growth and
development

Application of
nutrients and water

Pest and disease
control

Variety selection

The selection of cold-resistant varieties, such as experimental satsuma (Citrus unshiu) varieties, improves
fruit colour and quality by mitigating damage from low temperatures in specific microclimates [50].

Precision nutrient management in fruit crops, using technologies such as fertigation and remote sensing,
optimises nutrient application to improve fruit colour and plant health. This approach reduces waste,
increases yield, and promotes agricultural sustainability [55].

Monitoring plant health using sensors allows for the detection of stressors such as pathogens and pollutants,
optimising adaptive responses and protecting agricultural production. This approach improves
understanding of physiological processes and promotes sustainable practices [56].

The colour of the fruit, crucial for consumer acceptability, is improved in tomatoes through advanced
biotechnology, including CRISPR, to regulate pigments such as carotenoids and flavonoids. These
techniques promise precision in genetic improvement, overcoming challenges in quality and visual
appeal [57].

Spatial variability of soil:

Crop selection

Soil monitoring

The selection of crops to address spatial soil variability benefits from the use of ICT, which allows
agricultural strategies to be adjusted based on accurate data. These technologies optimise soil management
and improve productivity in diverse agricultural systems [58].

Soil monitoring to address spatial variability is enhanced by ICT, allowing accurate, real-time data collection.
This optimises agricultural management, improving efficiency and productivity in various agroecological
zones [58].

The application of inputs in PF addresses spatial variability in soil through technologies such as GPS and

ﬁlplz ltlscatlon of GIS, adjusting specific practices for each site. This optimises resource use, improves sustainability, and
p maximises yield in diverse agricultural systems [59].
Fruit rot:

Crop selection

Crop health
monitoring

Application of
fungicides

To mitigate fruit rot, it is recommended to select crops or varieties that ripen early in the season, reducing
exposure to pests such as Drosophila suzukii. This limits infestation pressure as pest populations increase
during the season [60]. The selection of pest- and disease-resistant crops, combined with technologies such
as Al and robotics, can mitigate fruit rot. These tools optimise early detection and improve integrated pest
management, reducing losses and increasing sustainability [61].

Crop health monitoring in agriculture uses drones and IoT technologies to identify problems early and
optimise resources, improving sustainability and profitability. This research proposes a real-time model for
drones that reduces costs while maintaining efficiency and accuracy [62].

The use of spectroscopy-based sensors and techniques such as computer vision allows diseases to be
identified and fungicides to be applied precisely to mitigate fruit rot. This is achieved through early
detection of symptoms in horticultural crops, reducing losses and improving productivity through targeted
management [63].
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Table 5. Cont.

Problems:
Solutions

Description of Research

Low sugar content:

Crop selection

Monitoring crop
growth and
development

Application of
nutrients and water

The molecular and morphological characterisation of melon seeds can guide the selection of cultivars with
desired attributes, such as higher °Brix concentration. The accurate identification of ancestral and modern
varieties allows for the optimisation of agricultural practices and improvement in crop quality [64].

A study evaluated the use of machine learning to predict tomato quality, finding that XGBoost
outperformed artificial neural networks in accuracy, especially in °Brix and colour, highlighting the
influence of cultivar and environmental factors. The results underscore the importance of XGBoost in
complex agronomic data to improve PF [65].

This study proposes a framework based on SENTINEL-1 and SENTINEL-2 satellite data to monitor
biophysical crop variables such as underground carbohydrates and seasonal age, achieving accurate
predictions in °Brix (Mean Absolute Error (MAE) 1.802) and harvest dates (MAE 6 days). This approach
reduces the need for destructive sampling, promoting sustainable and efficient practices [66].

Bacterial biofortification with strains of Rhizobium, Paenibacillus, and Lactiplantibacillus improved the
nutraceutical quality of blueberries in Portugal, increasing the Brix degree, ripeness index, and
concentration of (poly)phenolic compounds. Paenibacillus sp. VMFR46 stood out for increasing total
production by up to 79.88% and modifying the (poly)phenolic profile of the fruits [67].

Biostimulants such as rhizobacteria, fungi, and seaweed extracts increase crop yields under water stress,
achieving average increases of 25.5% to 28.4% in moderate and severe stress, respectively. Although effective
in arid climates, further research is needed in temperate rainfed soils to evaluate their performance under
these conditions [68].

Water Stress:

Soil moisture
monitoring

More efficient
irrigation
application
Selection of more

drought-tolerant
crops

The study analysed the impact of the time lag between canopy and air temperature on the accuracy of soil
moisture monitoring using crop water stress index models. The results showed that considering the lag
improves the accuracy of empirical and hybrid models, while reducing the accuracy of the theoretical
model [69].

This study combined multispectral and thermal infrared remote sensing to predict Soil Moisture Content
(SMC) in soybean crops, identifying XGBoost as the most accurate model (R? = 0.780). The fusion of
vegetation, texture, and infrared indices significantly improved the estimation of SMC in different soil layers,
demonstrating its value for precise management with UAV [70].

In southeastern Idaho, a deep infiltration model evaluated water losses under different irrigation practices
and soil types, showing that increased irrigation efficiency can increase losses if scheduling is not adjusted to
soil storage. The study highlights the need to consider site-specific infiltration to optimise water use
efficiency in arid regions [71].

Efficient water management in Mediterranean agriculture requires integrating genomics, ecophysiology, and
biotechnology to improve crops and ensure stable yields under drought conditions [72].

4.2. Are There Significant Disparities in Access to Technologies by Smallholder Farmers Compared
to Their Larger-Scale Counterparts?

This raises a substantial challenge related to the cost associated with the acquisition
and application of precision technologies, compounded by a partial understanding of
these technologies [73]. In response to this problem, various government institutions have
implemented policies and programmes to address these issues. Notable examples are the
INIA [74] and the Instituto de Desarrollo Agropecuario (INDAP) [75], both committed to
comprehensive research in agriculture and providing important knowledge to farmers.
These initiatives aim to promote the adoption of emerging technologies PF and simplify
their application on farmers’ land.

In addition to conducting research in the agricultural field, INIA has the support of
consultants whose objective is to provide educational advice to farmers. However, this
‘advisor’ can only be useful if the farmer is a member of INDAP and meets the requirements
stipulated in Organic Law No. 18,910 INDAP [74]. These requirements include
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1.  Assets not exceeding 3500 Unidades de Fomento (UF).
Exploitation of an area of land not exceeding 12 hectares with basic irrigation or
residing and working in the countryside.

3. Income mainly derived from agricultural exploitation or forestry and agricultural
activity [76].

The problem is immediately apparent, especially for fruit growers, as most of them
own less than 12 hectares of land. According to the 2022 Census [77], this represents 66.3%
of Agricultural Production Unit (APU) smaller than 20 hectares. This limitation hinders
their access to the markets and resources necessary to achieve success. CORFO [78], a gov-
ernment agency, offers various programmes and services to support farmers in developing
their business ideas, providing financing, loans and grants. CORFO also encourages the cre-
ation of associations and networks for the adoption of innovative initiatives, contributing
to the export of products to international markets and supporting the green and sustainable
economy, as well as the development of environmentally friendly agricultural practices.

Despite the efforts of CORFO and other government agricultural institutions, a barrier
remains for small farmers. With less than 20 hectares, they face difficulties in interacting
with these institutions, leaving them in a kind of limbo, in which agricultural progress in
terms of technology in Chile is slow [79].

Farmers with greater resources, on the other hand, can afford to use PF to improve their
operations [80]: (1) drones to monitor their crops and detect pests and diseases, (2) sensors
to collect data on climate, soil, and crops, (3) software to manage their operations and make
more informed decisions, and (4) social media to connect with other farmers and share
information.

Figure 3 reveals that the agricultural sector contributes 7.35% to the nation’s Gross
Domestic Product (GDP) in 2022. Given the importance of agriculture to the national
economy, it is crucial to consider the benefits of adopting smart technologies, especially for
smallholder farmers.
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Figure 3. Distribution of GDP by economic activity in Chile in 2022 [81].

Figure 4 shows the percentages of technology use according to the size of the APU,
where it can be seen that as the size of the APU increases, so does the percentage of
technology use. This use is considerably low in APUs smaller than 20 hectares for the six
technologies evaluated. Only the use of mobile applications is somewhat more widespread
among small farmers.
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Figure 4. Technology for APU !. 2021 Agricultural Census: ! https:/ /www.ine.gob.cl/estadisticas/
economia/agricultura-agroindustria-y-pesca/censos-agropecuarios, accessed 5 December 2025.
Figure 5 shows the 20 main interactions between the six technologies: “APPS” with
7743, "Weather station” with 3730, ‘“Telemetry” with 2645, “Drones” with 2138, ‘Electronic
data sensors’ with 1758, and ‘Monitoring sensors’ with only 585 APU. In terms of the main
interactions, ‘APPS’ stands out with 5279, ‘Weather Station” with 1464, ‘Drones’ with 1039,
“Telemetry” with 715 and ‘Electronic Data Sensors” with 401. In combination, we observe
'APPS-Weather station” with 535, ‘APPS-Telemetry” with 352, “Weather station-Telemetry”
with 237, and *APPS-Weather station-Telemetry” with 186, among others.
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Figure 5. Technology Interaction (2021 Agricultural Census).

4.3. What Are the Specific Benefits of Using Smart Technologies in the Context of
Sustainable Development?

Frost detection: One concrete benefit is remote sensing, which can help farmers
monitor spring and winter frosts in real time, using aeroplanes, satellites, buoys or ships
to collect data on the phenomenon. Farmers can use this information to make informed
decisions about how to protect their crops. However, to take advantage of remote sensing,
farmers must familiarise themselves with the relevant programmes, available on tablets,
computers, and mobile phones. This skill will enable them to respond quickly to natural
events that could affect their productivity [82].
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Support in decision-making: Another benefit is the improvement in the quality of
decision-making in agriculture, which is essential to guaranteeing global food supplies. This
involves strengthening the quality of communications between the scientific community,
the political sphere, and farmers, fruit growers, and livestock breeders themselves [83].

Although solutions are available, in practice they do not reach all smallholder farmers.
This is due to a number of factors, such as lack of access to technology, lack of training, and
lack of awareness and knowledge about the benefits of remote sensing [84]. It is imperative
to take action to address these challenges so that all farmers can benefit from these tools.

Water Resource Management: Efficient water resource management is a complex
challenge, exacerbated by the complexity introduced by climate change. Water scarcity
poses a threat to all stakeholders involved in agriculture. PF stands as a possible solution,
using technologies to collect data on soil, plants, and climate. This information provides
essential data for making crucial decisions on irrigation, fertilisation and other agricultural
techniques, enabling farmers to use water more efficiently, increase production and improve
the quality of their crops [9]. In this regard, INDAP [85] highlights the experience of a
small farmer in Valparaiso who has achieved a 50% saving in irrigation water, as well
as reducing the use of chemicals. The farmer points out that ‘It is a self-compensating
drip irrigation system with an automatic control panel where the same amount of water
falls on each plant. It is a precision irrigation system that I recommend to everyone. With
normal irrigation, I used to spend two hours a day watering each sector, and with this
system, I can water five times a day for ten minutes each time.” [86]. It is also possible to
verify the experience of small farmers in the Metropolitan Region, who have implemented
monitoring and irrigation stations that allow them to efficiently manage water use, thanks
to one company, which has managed to save 20% of water per hectare each year.

Finally, the agricultural innovation tool called ‘Smartfield’, implemented with small
farmers in the Maule, Nuble and Biobio regions, has enabled some farmers to intelligently
monitor and properly manage the frequency of irrigation in berry plantations [87]. One
smallholder farmer notes, “Thanks to smart monitoring, I knew when and how much to
irrigate (...). The changes have been very noticeable (...) In three seasons, we went from
15,000 to 20,000 kilos per hectare.”

4.4. What Are the Specific Challenges Faced by Smallholder Farmers in Accessing and Adopting
Smart Technologies?

One of the challenges is the implementation of PF, which entails considerable costs,
given that the sensors and technology required are very expensive. In addition, training
is essential for farmers to be able to use this technology efficiently, which could result in
PF not being accessible to all farmers [56]. For example, the Fundacién para la Innovacién
Agraria carried out an innovation project in the O’Higgins and Maule regions consisting of
the use of real-time multispectral images for apple and peach production by small farmers.
However, they ultimately did not adopt the technology, as it is still in the process of being
perfected and also due to the constrained economic situation facing the fruit production
business [88].

Sustainability and accessibility to water continue to be two of the most significant challenges
for agriculture as a whole. This problem presents other technological solutions beyond PF:

Wastewater Treatment From Regenerative Agriculture: Uses unique biological pro-
cesses to clean wastewater, making it suitable for irrigation or industrial use. This technol-
ogy helps reduce the environmental impact of agriculture and save water [89].

Water Management: This involves the design, construction, and operation of irrigation
and drainage systems, helping farmers use water more efficiently and protecting the
environment [90].
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Water Efficiency: Develops techniques for farmers to save water, such as the use of drip
irrigation, high-efficiency sprinkler irrigation systems, and smart drip irrigation, among
others [91,92].

Water Footprint: Defines the total amount of fresh water used to produce a product in
a specific place and time, and is a vital indicator for assessing water use in agriculture [93]
There are numerous additional technological solutions, such as the Watergen machine [94],
capable of creating water from the air, rainwater harvesting [95], desalination [96] and
water conservation [97]. However, access to these solutions depends on the tools and
knowledge necessary for their implementation.

5. Discussion

PF is important when it comes to optimising agricultural sustainability [98]. However,
small farmers in Chile face challenges in adopting it, such as the high cost of implementa-
tion, maintenance, and specialised knowledge in the field. Profit margins are limited and
access to financing is restricted due to bureaucratic obstacles [99]. These factors hinder the
acquisition of PF tools.

Small-scale farmers in Chile tend to use plots of land that are considerably small in
size. As a result, the fragmentation of agricultural land is high. This factor restricts the
effective implementation of PF technologies, given that many of these tools are designed
for larger farms [100].

According to Wegerif and Guerefia [101], land inequality is a central component of current
social inequality. Globally, land is concentrated in large estates, while small farmers and
communities have less access. In the context of Chile, there is significant land concentration,
with a small number of farmers owning most of the hectares, as shown in Figure 6.
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Figure 6. APU (Number, Surface Area) (2021 Agricultural Census: https://www.ine.gob.cl/
estadisticas/economia/agricultura-agroindustria-y-pesca/censos-agropecuarios, accessed on 5 De-
cember 2025): Less than 1 ha (9760, 4813); From 1 to less than 5 ha (41364, 112372); from 5 to less than
10 ha (26782, 187204); from 10 to less than 20 ha (23827, 328165); from 20 to less than 50 ha (18987,
583233); from 50 to less than 100 ha (7771, 535992); from 100 to less than 200 ha (4352, 600644); from
200 to less than 500 ha (3079, 946854); from 500 to less than 1000 ha (1241, 854083); from 1000 to less
than 2000 ha (663, 911699); 2000 ha and above (802, 40677507).

Smallholder farmers face not only inequality in land ownership. They also face other
structural disadvantages that limit their access to infrastructure, networks and technolo-
gies [102]. It is important to note that access to digital agricultural technologies is often more
difficult for smallholder farmers, given the financial constraints they typically face [103].
In this context, smallholder farmers are at a disadvantage compared to large-scale farm-
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ers. There is significant inequality between large and small farmers, as well as between
developed and developing countries [104].

In line with the above, the widespread adoption of technologies among farmers is
limited to large agricultural enterprises. They have greater resources and capabilities
to invest in digitisation processes, which gives them a significant advantage in terms of
efficiency and expansion. Salgado et al. [80] states that “Large-scale farms have the capacity
to implement PF and Artificial Intelligence systems (...) that optimise crop planning,
supply management (...) and distribution logistics. (...) In contrast, small producers face
significant barriers stemming from financial constraints and lack of access to adequate
digital infrastructure”.

Technologies designed for rural areas, such as remote sensing, must be adapted so
that small farmers can effectively meet their needs, adjusting to their requirements [105].

Among the most innovative precision farming technologies are soil and plant sensors
for nutrient and water management, as well as satellite imagery and GIS for targeted
management. These tools support the sustainable development of agriculture on com-
mercial farms [106]. In addition, they offer customised solutions for smallholder farmers,
demonstrating the potential of artificial intelligence systems to revolutionise agriculture
with limited resources globally [107].

From an economic perspective, Law 18910 [108] establishing INDAP only supports
‘small agricultural producers and farmers’. This leaves out an important group: intermedi-
ate farmers. From the point of view of some small farmers, for example, in the dairy sector,
innovation seems risky and costly [28]. That is why they adopt less technology than large
farms. This aspect extends to Latin America. The cost of technology is one of the most
frequently cited barriers by producers in Argentina, Brazil, Uruguay, and Chile [109,110].
According to FAO [111], the cost of sensors, gateways, drones, and network connections
are ongoing expenses that many small farm owners cannot sustain.

From an institutional perspective, Chile’s Law 18910 [108] defines that ‘small produc-
ers’ are eligible for state support. In practice, this means having less than 12 hectares of
basic irrigation or less than 3500 UF in assets [112,113]. Exceeding these limits means being
exempt from the benefit. Thus, it is possible to find producers who are not ‘small” but who
also do not have the financial resources to innovate.

From a structural perspective, PF improves efficiency, but its implementation depends
on the availability of water resources [91,114]. Water scarcity limits investment due to
increased uncertainty and fear of economic losses [115]. Furthermore, the need for digital
technologies to develop this type of agriculture could exacerbate existing inequalities [116].
In response to this situation, so-called ‘regenerative agriculture” has emerged, which seeks
to improve infiltration and increase water retention [117].

To overcome the obstacles faced by small farmers, strategies such as promoting coop-
eratives, providing subsidies, providing training and improving rural infrastructure, as
well as researching appropriate technologies for small farms, are proposed. Additionally, it
is worth considering some practical policy recommendations to strengthen small farmers’
access to PF technologies:

*  Creation of a revolving fund: Facilitating the rotation of loans made by private or
government institutions.

¢  State incentives for financing technological innovation projects in small-scale agricul-
ture.

* Increase training programmes that integrate precision technologies with the principles
of regenerative agriculture, emphasising integrated pest management through the
conservation of functional biodiversity.



Agriculture 2025, 15, 2555

16 of 23

However, proposals of different kinds require an appropriate context in order to be
implemented in such a way that they are sustainable over time. In this regard, from a
political and environmental point of view, it is interesting to pay attention to circular
economy plans that contribute to reducing production waste and reusing it [118]. However,
this implies the existence of a political culture aligned with such objectives, capable of
forging ad hoc institutions, as in the case of the European Green Deal [119,120]. And,
certainly, from an institutional point of view, it is essential to improve the focus of state
agencies (such as INDAP, CORFO, or other agents of change) on small farmers. Although
this is also a major challenge, as it requires reducing existing levels of inequality [121,122],
which mitigates the heterophilia of agents of change.

In this context, the originality of this work lies in showing that structural elements
exist in Chile that make it difficult for small farmers to access precision technologies, which
are effective for sustainable production. This is relevant because agriculture accounts for a
significant proportion of the country’s production and, furthermore, small farmers make
up a large portion of the country’s population.

Limitations

This work does not consider the use of interviews with relevant actors. Another
limitation of this study is that it does not offer an in-depth discussion of the environmental
and ethical aspects related to PF. This is an issue that deserves further investigation.

The study was conducted exclusively with qualitative data. It could be strengthened
in the future by considering quantitative data in order to address, for example, the eco-
nomic impacts of the use of precision technologies among small Chilean farmers facing
environments with high Volatility, Uncertainty, Complexity, and Ambiguity (VUCA) [123].

6. Conclusions

PF is confirmed as a technologically feasible and environmentally necessary strategy
for Chile’s agricultural sector in the context of the climate emergency and the need for
water optimisation. However, the main finding of this research is the identification of a
structural failure in governance and technology transfer that prevents PF from benefiting
small-scale agriculture.

This work highlights the relationship between structural deficiencies in Chilean agri-
culture and access to PF technologies among small local farmers. It draws attention to
issues such as lack of access to financial resources and institutional support, which hinder
access to and effective use of technological tools, despite their proven results.

Chilean smallholder farmers are willing to adopt some more accessible technologies
(such as technified irrigation and mobile big data), but this does not generate signifi-
cant benefits, showing that technology alone is not enough. The problem is not one of
technology adoption, but rather of access to capital to acquire these technologies and
specialised knowledge.

Barriers in government support programmes continue to exclude smallholder farmers.
This exclusion makes it difficult for farmers to invest in more comprehensive measures to ad-
dress priority threats such as water scarcity and extreme events such as frost. This could be
consistent with the criticism raised by Rogers [17]: due to the homophily present in change
agents, they communicate better with users of higher status. Therefore, users of lower
status are not the focus of change agents’ assistance. In terms of public policy, this creates
an implementation bottleneck that should be addressed as a matter of priority with more
agile financing mechanisms whose risk recognises the nature of small-scale agriculture.

In this regard, a recent regional study in the Valparaiso Region, Chile, conducted by
the Undersecretary of Labour [124], highlights the structural deficiencies in governance and



Agriculture 2025, 15, 2555

17 of 23

technology transfer that prevent small entrepreneurs from taking advantage of technologies.
This identifies the following empirical barriers to technological adoption:

* Digitalisation gap and lack of access to basic equipment. There is a significant techno-
logical gap between large and small producers.

*  Water scarcity is not only a driver for PF (technified irrigation) but also an economic
brake that discourages investment.

¢  The lack of job training and technical support turns human capital into a bottleneck
for the use of precision technologies that involve, among other things, data analysis.

*  Socio-economic effects due to low technology adoption and the water crisis, which
causes the sector to contract and reduces investment capacity.

* Increased costs: The lack of mechanisation and automation of processes among small
farmers results in low productivity and high production costs.

Along with establishing the various difficulties involved in PF among small farmers,
one area for future study could be the implementation of regenerative agriculture, which
promotes an increase in organic matter and biodiversity in order to retain water resources
and reduce some of the effects of climate change. On the other hand, it is suggested that
future research consider conducting interviews with both small and large farmers regarding
the adoption of PF technologies [125,126].

Author Contributions: Conceptualization, E.O., T.G., A.A, CFE-C., MM. and R.C;; methodology,
E.O., T.G., A.A., CE-C.,, M.M. and R.C.; software, R.C.; validation, E.O., T.G., A.A., C.E-C.,, M.M.
and R.C.; formal analysis, E.O., T.G,, A.A., CE-C., MM. and R.C;; investigation, E.O., T.G,, AA.,
C.F-C,MM. and R.C,; resources, C.F.-C.; data curation, E.O., M.M. and R.C.; writing—original draft
preparation, E.O., T.G., A.A., CE-C., MM. and R.C.; writing—review and editing, E.O., T.G,, AA.,
C.E-C., MM. and R.C; visualization, E.O., M.M. and R.C.; supervision, E.O., M.M. and R.C.; project
administration, E.O., M.M. and R.C. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding authors.

Acknowledgments: The authors would like to thank the team at the Laboratorio Interdisciplinario
de Comercio, Informacién y Tecnologia (LICIT) at the Universidad Tecnolégica Metropolitana for
their support.

Conlflicts of Interest: The authors declare that there are no conflicts of interest in the publication of

this paper.

Abbreviations

The following abbreviations are used in this manuscript:

Al Artificial Intelligence

APU Agricultural Production Unit

CORFO Corporaciéon de Fomento de la Produccién
EFA Exploratory Factor Analysis

fsQCA fuzzy-set Qualitative Comparative Analysis

GDP Gross Domestic Product
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GIS Geographic Information Systems

GPS Global Positioning System

INDAP Instituto de Desarrollo Agropecuario

INIA Instituto de Investigaciones Agropecuarias

PCA Principal Component Analysis

PF Precision Farming

PLS-SEM  Partial Least Squares-Structural Equation Modelling
SEM Structural Equation Modelling

UF Unidades de Fomento

UTAUT Unified Theory of Acceptance and Use of Technology
VUCA Volatility, Uncertainty, Complexity, and Ambiguity

WoS Web of Science
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